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Aging, proteome integrity, and the proteostasis network {#s01}
=======================================================

Aging is inextricably linked to the world around us and regularly pervades everyday life. Despite this, why organisms age remains a complex mystery that if understood could have profound implications for the quality of human health. While the physiological decline associated with old age is easily recognizable, the mechanisms that determine aging are poorly understood; however, wide-scale loss of protein homeostasis (proteostasis) is proposed to be one of the "primary hallmarks of aging" \[[@bib-001]\].

Protein aggregation is associated with many age-related disorders, and increased protein oxidation, mislocalization, and aggregation are observed in aged organisms \[[@bib-002]-[@bib-007]\]. Intuitively, these findings can be explained by a gradual decline in protein biosynthetic and quality control pathways and a progressive accumulation of protein damage. However, recent findings in *Caenorhabditis elegans* challenge this view, suggesting that a decline in proteome integrity may be the result of early programmed events rather than the consequence of a random and gradual accrual of molecular damage.

Proteostasis is maintained by the proteostasis network (PN), a system of molecular chaperones, protein degradation machines, and stress response pathways that act alone or together in various subnetworks to sense and respond to protein misfolding in all cellular compartments \[[@bib-008]\]. This amalgamation of constitutive and inducible quality control mechanisms is central to the identity and health of the proteome \[[@bib-008]\]. Given the importance of the proteome to cell function, it is salient to ask, what is the relationship between proteostasis and aging? Attempts to address this in *C. elegans* have yielded a surprising and consistent result; a pronounced, widespread decline in proteostasis is a sudden event in early adulthood. Below we discuss the temporal relationship between aging, the PN, and proteostasis in *C. elegans* and highlight relevant observations in flies and rodents that suggest that early remodeling of the PN may be conserved.

Age-related loss of proteostasis: random chance or programmed event? {#s02}
====================================================================

Initial efforts to precisely examine proteostasis during aging employed *C. elegans* temperature-sensitive (ts) mutants as protein folding sensors \[[@bib-009]\]. These worms express endogenous metastable proteins with a propensity to misfold and aggregate when animals are shifted to higher ambient temperatures (25°C). The misfolding of ts proteins is suppressed when animals are grown at lower temperatures (15°C) during development. This changes aggregation propensity from a temperature-dependent to age-dependent phenomenon as correct protein folding becomes more dependent on the action of molecular chaperones \[[@bib-009]\]. Remarkably, aggregation and subcellular mislocalization of metastable ts proteins are observed in neurons and body wall muscle cells at an early stage of adulthood (day three), with aggregation increased substantially by day seven of adulthood \[[@bib-009]\]. These observations extend to multiple unrelated ts proteins expressed in different tissues, suggesting that a widespread loss of proteostasis occurs well before the age-related appearance of motility defects (\~ day eleven), cessation of reproduction (\~ day seven), and median lifespan (\~ day 19) in worms \[[@bib-009]-[@bib-011]\].

A subsequent proteomics study of *C. elegans* aging examined the detergent-insoluble fraction of aggregated proteins and demonstrated that a subset of the proteome formed aggregates by day three of adulthood, extending the observations predicted from the use of ts mutants. Aggregation increased with age and occurred in both the soma and germline \[[@bib-003]\]. The composition of the age-aggregated proteome was strikingly reproducible (\~64% overlap), containing proteins with sequence and structural similarities (high β-sheet content), suggesting that protein aggregation in early adulthood is a non-random event dictated, in part, by protein sequence \[[@bib-003]\]. To monitor aggregation in living animals, fluorescently tagged proteins were expressed and visualized throughout *C. elegans* life. While all animals exhibited age-dependent protein misfolding, there was substantial heterogeneity in the onset of aggregation, indicating variance in the rate of proteostasis collapse within a population \[[@bib-003]\].

These findings suggest that protein aggregation is an early, non-random event and that the transition into early adulthood may be the critical threshold for proteostasis maintenance or collapse. This leads to questions, such as how do changes in the composition and activity of the PN contribute to the decline of proteostasis in early adulthood and how do these changes impact on aging? Below, we discuss the components of the PN that have been found to change in conjunction with, or preceding, proteostasis collapse in *C. elegans*.

Protein synthesis and aging: doing more with less? {#s03}
==================================================

The quantity and quality of newly synthesized proteins are primary modulators of proteostasis. Both a paucity or excess of nascent polypeptides could cause cellular dysfunction; therefore, translation rates must be finely tuned to match cellular requirements. In addition, chaperone machines, including the 70-kilodalton heat shock protein (HSP70) and the nascent polypeptide chain-associated complex (NAC), must be present and active at the ribosome to maintain faithful folding and ensure the fidelity of nascent polypeptides \[[@bib-012]\]. A simple explanation for proteostasis collapse could be that a high rate of protein synthesis is necessary to accommodate rapid cellular differentiation early in life but becomes excessive as cells enter senescence, thereby placing a load on the PN that cannot be sustained during aging. Alternatively, proteostasis collapse could arise from a loss of chaperone activity and concomitant reduction in the capability of the PN to maintain the necessary quality of nascent polypeptides.

The use of polysome profiling has revealed that global translation rates progressively decline between day two and day five of adulthood in *C. elegans* \[[@bib-013]\], indicating that an overload of the PN due to increased protein synthesis is not the likely basis for proteostasis collapse. Ribosomal subunits and components of the translation machinery are consistently found in detergent-insoluble protein fractions, suggesting that early misfolding of these proteins could contribute to, if not catalyze, proteostasis collapse \[[@bib-003],[@bib-013]\]. Similarly, soluble levels of the ribosomal chaperone NAC also decline by day three of adulthood due to sequestration by protein aggregates \[[@bib-013]\]. Multiple molecular chaperones, including HSP70 and HSP90, are also associated with detergent insoluble aggregates early in adulthood; therefore, it is possible that proteostasis collapse exacerbates misfolding and aging through imbalance and sequestration of major components of the quality control machinery \[[@bib-003],[@bib-013]\]. This theory is further supported by observations that RNA interference (RNAi) knockdown of molecular chaperones decreases lifespan in worms \[[@bib-014]\].

Further support for the importance of protein synthesis dynamics in aging comes from observations that reduced translation correlates with lifespan extension and enhanced stress resistance through genetic or pharmacological inhibition of the target of rapamycin complex (TORC1) in worms and flies \[[@bib-015]\]. Therefore, reduction of protein synthesis early in life could represent a beneficial remodeling of the proteome that conserves metabolic energy and minimizes the load on the PN. Alternatively, reduced translation may affect some proteins more than others. If this is the case, it is possible that highly chaperone-dependent or aggregation-prone proteins become over-represented in the proteome early in life, thereby initializing proteostasis collapse. Given that the proteome differs substantially between cell and tissue types \[[@bib-016]\], it is possible that the mechanism of proteostasis collapse could vary between tissues if different proteins become over-represented during proteome remodeling.

The ubiquitin-proteasome system in aging {#s04}
========================================

Another way that cells can re-shape proteome identity and functionality is through protein degradation pathways; however, alterations to this balance can also cause proteotoxicity and reduce lifespan \[[@bib-017]-[@bib-019]\]. As such, it is feasible that a reduction in the protein degradation capacity of cells could contribute to proteostasis collapse and aging.

The ubiquitin-proteasome system (UPS) is a key component of protein quality control and cellular function \[[@bib-017]\]. Old and/or damaged substrates are recognized by molecular chaperone complexes and targeted for degradation through E3-ligase-mediated ubiquitylation \[[@bib-017]\]. Ubiquitylation can take many forms; however, substrates tagged with lysine residue 48 (K48)-linked polyubiquitin chains are predominantly directed to the proteasome, a multi-subunit machine consisting of a 19S regulatory particle and a 20S proteolytic core, which act in tandem to clear potentially harmful proteins. In addition to its central role in proteostasis, the UPS has roles in transcription, DNA repair, apoptosis, and signal transduction; therefore, changes in UPS activity could have far-reaching consequences \[[@bib-017]\].

Studies investigating proteasome activity in *C. elegans* have typically relied upon *in vitro* assays that measure the turnover of synthetic substrates and *in vivo* reporter systems monitoring the turnover of chimeric fluorescent proteins fused to a non-cleavable ubiquitin moiety (UbG76V). *C. elegans* UPS reporters have revealed that spatial and temporal changes in proteasome activity occur throughout life \[[@bib-020]-[@bib-022]\]. Initial studies with a photoconvertible reporter found that early in adulthood (day two adults), fluorescence intensity after photoconversion declines strongly throughout the worm, corresponding to the efficient degradation of the reporter \[[@bib-020]\]. However, by day five of adulthood, the fluorescence signal declined at a much slower rate following photoconversion, suggesting that proteasome activity is significantly reduced between day two and day five of adulthood. Intriguingly, this was found to be the case in dorsorectal neurons but not in body wall muscle cells, suggesting that age-related changes in the UPS may be tissue specific \[[@bib-020]\]. While these observations suggest that changes in the UPS are not associated with age-related sarcopenia in *C. elegans*, UPS decline may contribute to neuronal dysfunction and loss of motor activity early in life \[[@bib-023],[@bib-024]\].

A second study that monitored proteasome activity earlier in adulthood (between day one and day two) found that UbG76V-green fluorescent protein (GFP) fluorescence declined sharply (by 80%) in all somatic tissues within the first 2 days of adulthood, independent of changes in GFP stability or reporter expression \[[@bib-021]\]. This increase in proteasome activity is most prominent between 24 and 36 hours into adulthood (continuing 48 hours into adulthood) \[[@bib-021]\]. In addition, global levels of K48-linked polyubiquitylated proteins increase in whole-worm lysates, indicating that the increased activity of the UPS as a whole occurs in early adulthood as opposed to a specific increase in the proteolytic properties of the proteasome \[[@bib-021]\]. Together, these findings suggest that the overall activity of the UPS increases substantially in the soma as animals reach reproductive maturity and declines thereafter in a tissue-specific manner. Reduced proteasome activity has also been reported in early adulthood in *Drosophila melanogaster* heads (between day one and day five of adulthood) and in rat spinal cord (between 3 and 12 months of age) \[[@bib-025],[@bib-026]\], suggesting that an early change in UPS activity is a conserved feature of aging.

A critical question is whether changes in UPS activity are beneficial, detrimental, or neutral to normal aging? Enhanced proteasomal activity is linked to increased lifespan in yeast, worms, rodents, and humans; furthermore, the lifespan-extending effects of dietary restriction (DR) have been attributed to increased proteasome activity \[[@bib-027]-[@bib-031]\]. This suggests that the burst of proteasome activity early in life is protective and that the decline thereafter is detrimental. Given that increased proteasome activity coincides with decreased protein synthesis, these observations could represent a wide-scale protective remodeling of the proteome as animals enter the reproductive period. If this is the case, why does this event correlate with proteostasis collapse? One possibility is that without this event, proteostasis collapse would be even more extreme, leading to accelerated aging. Alternatively, the global changes in protein synthesis and degradation rates might preferentially affect specific protein subsets. Theoretically, this could lead to a reduction in proteome stability that initiates proteostasis collapse; however, a more detailed analysis of the proteomic changes that occur early in adulthood is required to ascertain whether this is the case. Investigating the activity of other protein degradation pathways early in life will be essential for a complete understanding of the relationship between the PN and aging. In particular, autophagy is the primary method by which cells can remove large protein aggregates or damaged organelles and has been linked to increased lifespan and disease prevention \[[@bib-032],[@bib-033]\]. Autophagy can take one of three forms, chaperone-mediated autophagy (CMA), microautophagy, and macroautophagy, each of which differ in the mechanism by which targets are recognized and directed to the lysosome for degradation \[[@bib-034]\]. Defects in any of the three arms of autophagy could contribute to proteostasis collapse, while activation of autophagy in early adulthood could act to protect some or all tissues from proteostasis collapse. If changes in protein synthesis and degradation alone do not explain proteostasis collapse, what does? Other lines of evidence suggest that a decline in stress-inducible pathways could be the answer.

Early changes in stress response pathways: the initiating switch for aging? {#s05}
===========================================================================

Stress response pathways safeguard the proteome against increased reactive oxygen species, exposures to elevated temperatures, and errors in protein biogenesis \[[@bib-002]\]. These pathways are regulated by the heat shock response (HSR), the unfolded protein response (UPR) of the endoplasmic reticulum (ER), the mitochondrial UPR (UPR^mt^), and the oxidative stress response (OxSR). Gene induction through these pathways is coordinated by the transcription factors HSF-1 (HSR), XBP-1 and ATF-6 (UPR^ER^), ATFS-1 (UPR^mt^), SKN-1/NRF-2 (OxSR), and Daf-16/FOXO3A (HSR and OxSR) \[[@bib-035]-[@bib-040]\]. We propose that these stress pathways represent an integrated stress network that provides robust protection against a wide range of acute and chronic stress conditions and therefore are essential modifiers of aging and disease \[[@bib-014],[@bib-041]-[@bib-044]\]. The inducibility of the HSR and OxSR is reduced in old flies, aged rat tissues, and senescent human cells \[[@bib-045]-[@bib-047]\], possibly leading to less efficient detection and removal of misfolded or damaged proteins. Recent observations indicate that stress response pathways in *C. elegans* decline abruptly as animals reach reproductive maturity.

When challenged with toxic insults, such as HS or the ER stress-inducer tunicamycin, *C. elegans* rapidly induces the expression of cytoprotective genes. Remarkably, the induction of HSR and UPR regulated genes is reduced in somatic tissues by \~80% by day two/three of adulthood \[[@bib-009],[@bib-043],[@bib-048]\]. This rapid decline occurs within a 24-hour period and correlates with a pronounced reduction in stress resistance, indicating that a collapse of the HSR and UPR has functional consequences that may precede proteostasis collapse \[[@bib-043],[@bib-048]\]. Perhaps related to this are observations that a similarly timed collapse of the HSR occurs in the aging rat adrenal cortex (in response to restraint stress) and in aged flies subjected to hyperthermia \[[@bib-049],[@bib-050]\], supporting the early transcriptional dysregulation of stress responses as a conserved event in metazoans.

The collapse of the HSR and UPR could reflect a change in the requirements of the proteome with age, which is perhaps in part due to the changes in protein synthesis and degradation described previously or perhaps due to increased basal expression of chaperone genes and low levels of endogenous peroxide and protein oxidation \[[@bib-004],[@bib-051],[@bib-052]\]. As such, changes in the potency of stress responses may be neutral or beneficial. However, overexpression of HSF-1 or Daf-16/FOXO3A suppresses proteostasis collapse and enhances longevity, while mutations that extend lifespan also result in the activation of multiple stress response pathways and increased stress resistance, suggesting that the ability to maintain optimal stress response pathways is beneficial to lifespan \[[@bib-053]\].

If stress responses are beneficial, why do they decline in early adulthood? The collapse of stress responses could represent an uncontrolled, passive process due to dysregulation of signaling events or pathways. This would seem unlikely given the rapidity and uniformity of the collapse, both within individuals and throughout the population. Alternatively, if this is an active process, what are the organismal benefits of such an event? Perhaps other lifespan-modulating stress, responses, such as the OxSR and mitochondrial UPR (UPR^mt^), compensate and the resources redirected from tuning down the HSR and UPR are used for progeny production. This seems unlikely in the case of the UPR^mt^ as the beneficial effects of this pathway have also been proposed to be most relevant early in life \[[@bib-054]\]. Furthermore, the likely importance of the UPR to yolk protein secretion suggests that a dampening of this pathway would negatively impact reproduction in *C. elegans* \[[@bib-055]\]. Finally, dysregulation of the HSR and UPR could reflect global changes in gene expression and may be proxies for other lifespan-regulating changes in transcription. Future experiments to determine the molecular basis of these events as well as which other stress response pathways also decline early in life will greatly enhance our understanding of aging.

Is the remodeling of the proteostasis network an active or passive event? {#s06}
=========================================================================

If the coordinated changes in the PN are an active rather than passive process, what are the signals that instigate PN remodeling, where might these signals originate, and why might such a system have evolved? One possibility is that neurons and the intestine in young adults coordinately sense nutrients and determine the availability of resources to the organism. In favorable conditions (suitable temperature, abundant food and ample space), signals are relayed to the gonad, promoting egg-laying, which in turn results in germline-dependent signaling to promote somatic remodeling of the PN, as resources are redirected from the soma to the germline. This would provide energy for the production of progeny at the expense of protecting the soma, a model consistent with the disposable soma theory of aging \[[@bib-056],[@bib-057]\].

In support of this, long-lived *C. elegans* mutants, in which germline stem cell (GSC) proliferation is suppressed (*glp-1*) and reproduction is prevented, exhibit a pronounced delay in the collapse of proteostasis and the HSR \[[@bib-048]\] as well as enhanced proteasome activity through the daf-16-mediated upregulation of the proteasomal subunit rpn-6, which stabilizes the interaction between the 19S cap and the 20S proteolytic core of the proteasome. *glp-1* mutants also show increased autophagy, enhanced resistance to oxidative stress, and reduced susceptibility to pathogenic bacteria, suggesting that GSCs can modulate a range of protective pathways \[[@bib-058]-[@bib-060]\]. While these observations support a link between somatic proteostasis, aging, and reproduction, the signaling pathways involved are likely to be complex as the removal of the entire gonad does not result in the lifespan extension or maintenance of proteostasis \[[@bib-048],[@bib-061]\].

At the organismal level in *C. elegans*, neurons and the intestine are known to regulate proteostasis and lifespan in a cell non-autonomous fashion \[[@bib-043],[@bib-062],[@bib-063]\]; therefore, a better understanding of how these tissues cooperate to influence proteostasis collapse will be essential. Finally, it will be interesting to understand whether this model could explain age-related changes in non-hermaphroditic metazoans. At present, this seems possible (if difficult to put into the context of a complex mammalian system) as both the importance of the PN to aging and disease and early changes in the PN have been described in other systems.

Summary {#s07}
=======

Aging is a complex and multi-faceted process that has prompted many new theories in regard to its process and origin. Many studies of aging have focused on molecular changes across the lifetime of an organism with the reasonable assumption that a series of progressive events collectively contribute to the aging process. Here, we propose that a battery of sudden, early changes in key aspects of the PN could be among the earliest events that set lifespan according to resources, metabolic rates, and protein biogenesis ([Figure 1](#fig-001){ref-type="fig"}). These events may be modulated, at least in part, by the germline and fit well with the disposable soma theory of aging. At present, the molecular mechanism(s) responsible for PN remodeling and the upstream signals that promote these changes are unknown. However, further insight into the full repertoire of PN changes that occur early in adulthood as well as the signaling pathways responsible could have profound implications on our understanding of the aging process.

![Temporal relationship between *Caenorhabditis elegans* reproduction, aging, and changes in proteostasis\
The *C. elegans* lifespan can be broken into three distinct stages: development (pale green region) through four larval stages (L1-L4) to become young adults (YAs), maturation into reproductively active adults that generate progeny (pale blue region), and post-reproductive adults that show progressive changes in physiology and behavior (pale red region). These life stages correlate with pronounced changes in the heat shock response (HSR) (red line), unfolded protein response (UPR) (blue line), ubiquitin-proteasome system (UPS) (purple line), protein synthesis (black line), and onset of protein aggregation (green line) early in life (colored lines). Relative activity/quantity is an arbitrary scale intended to reflect published data \[[@bib-003],[@bib-009]-[@bib-011],[@bib-013],[@bib-021],[@bib-043],[@bib-048]\]. Days of life are representative for animals grown at 20°C; however, *C. elegans* life stages are shifted by growth at lower (15°C) or higher (25°C) temperatures. For example, *C. elegans* reach YA approximately 3, 2, or 1.5 days after hatching when grown at 15, 20, or 25°C, respectively.](biolrep-06-07-g001){#fig-001}
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